The incorporation of [U-14CI lactate into blood glucose, the alterations in the postnatal development of hepatic phospho-enolpyruvate (P-enolpyruvate) carboxykinase activity, the concentrations of adenine nucleotides and the cytosolic NAD+/NADH ratios were measured in livers of the newborns of untreated and insulin-treated diabetic (streptozotocin induced) rats during the first 6 h of life. The rate of incorporation of ['4CI-lactate-carbon into glucose in the 6-h-old neonates of insulin-treated diabetic rats was about one-half of the rate observed in age-matched pups of normal rats. The rate of gluconeogenesis from labeled lactate in the 3-h-old neonates of untreated diabetic rats was approximately one-half of that observed in the ape-matched pups of normal ---animals; however, the rates of gluconeogenesis in these two groups of neonates at 6 h of age were not significantlv different. The -v levels of hepatic P-enolpyruvate carboxykinase activity were significantly lower in 3.5-and 6.5-h-old neonates of insulin-treated diabetic rats compared to the age-matched pups of normal rats whereas the activity of this enzyme was significantly lower only in livers of 0.5-and 3.5-h-old neonates of untreated diabetic rats compared to the age-matched pups of normal animals. At birth and during the first 3 postnatal h, the concentrations of hepatic A T P and the adenylate energy charge were significantly higher in the newborns of insulin-treated diabetic rats compared to both normal and untreated diabetic rats; however, a significant reduction in these parameters was observed after 3 postnatal h in neonates of insulin-treated diabetic rats compared to both normal and untreated diabetic animals. The postnatal increase in the hepatic cytosolic redox state (NADC/NADH) in the newborns of insulin-treated diabetic rats was similar to that observed in the newborn pups of normal animals during the first 3 h postnatal period; however, a significant decline in this parameter was observed only in the neonates of insulin-treated diabetic rats after the third postnatal h. The postnatal increase in the hepatic cytosolic redox state (NAD'/NADH) was significantly lower in the neonates of untreated diabetic rats compared to the age-matched pups of normal rats during the entire 9 h experimental period.
Summary
The incorporation of [U-14CI lactate into blood glucose, the alterations in the postnatal development of hepatic phospho-enolpyruvate (P-enolpyruvate) carboxykinase activity, the concentrations of adenine nucleotides and the cytosolic NAD+/NADH ratios were measured in livers of the newborns of untreated and insulin-treated diabetic (streptozotocin induced) rats during the first 6 h of life. The rate of incorporation of ['4CI-lactate-carbon into glucose in the 6-h-old neonates of insulin-treated diabetic rats was about one-half of the rate observed in age-matched pups of normal rats. The rate of gluconeogenesis from labeled lactate in the 3-h-old neonates of untreated diabetic rats was approximately one-half of that observed in the ape-matched pups of normal ---animals; however, the rates of gluconeogenesis in these two groups of neonates at 6 h of age were not significantlv different. The -v levels of hepatic P-enolpyruvate carboxykinase activity were significantly lower in 3.5-and 6.5-h-old neonates of insulin-treated diabetic rats compared to the age-matched pups of normal rats whereas the activity of this enzyme was significantly lower only in livers of 0.5-and 3.5-h-old neonates of untreated diabetic rats compared to the age-matched pups of normal animals. At birth and during the first 3 postnatal h, the concentrations of hepatic A T P and the adenylate energy charge were significantly higher in the newborns of insulin-treated diabetic rats compared to both normal and untreated diabetic rats; however, a significant reduction in these parameters was observed after 3 postnatal h in neonates of insulin-treated diabetic rats compared to both normal and untreated diabetic animals. The postnatal increase in the hepatic cytosolic redox state (NADC/NADH) in the newborns of insulin-treated diabetic rats was similar to that observed in the newborn pups of normal animals during the first 3 h postnatal period; however, a significant decline in this parameter was observed only in the neonates of insulin-treated diabetic rats after the third postnatal h. The postnatal increase in the hepatic cytosolic redox state (NAD'/NADH) was significantly lower in the neonates of untreated diabetic rats compared to the age-matched pups of normal rats during the entire 9 h experimental period.
The time course of the postnatal changes in the induction of P--enolpyruvate carboxykinase activity, the concentrations of adenine nucleotides and the cvtosolic redox state in livers of the newborn rats shows that attenuated postnatal development of hepatic Penolpyruvate carboxykinase and the energy state are largely responsible for observed impaired gluconeogenesis from lactate in the neonates of insulin-treated diabetic rats.
Speculation
Postnatal alterations in the concentrations of adenine nucleotides and the cytosolic redox state in livers of the neonates of insulin-treated diabetic rats suggest an impaired hepatic mitochondrial metabolism in the immediate postnatal period. Studies of the uptake or transport of adenine nucleotides and anions by isolated mitochondria from livers of the neonates of insulin-treated 6 diabetic rats would aid in our understanding of these changes, and possibly would lead to identification of factor(s) responsible for these changes in livers of newborns of diabetic mothers.
In the human. newborn infants of uncontrolled or poorly controlled diabetic mothers often experience severe hypoglycemia (8, 17) . Fetal hyperinsulinemia caused by hyperglycemia in utero enhances the disappearance of glucose from the circulation in the newborns of diabetic mothers in the immediate postnatal period (17) . Furthermore, it is observed that the newborn infants of insulin-dependent diabetic mothers release glucose in the blood stream at a lower rate than the infants of normal mothers (15) . The contribution of hepatic gluconeogenesis to the total glucose production in the newborns of diabetic mothers is, however, not known. In the preceding paper (9), we demonstrated that the newborns of insulin-treated diabetic rats had several clinical features such as macrosomia, hyperinsulinemia, prolonged hypoglycemia and impaired glucagon secretory response, similar to those observed in the newborn infants of insulin-dependent diabetic women. In the same study (9). we also observed a delay in the initiation of hepatic glycogenolysis in the newborns of diabetic rats compared to normal animals. In the present study, we report the alterations in the rate of gluconeogenesis and the development of hepatic cytosolic phosphoenolpyruvate carboxykinase in newborns of both untreated and insulin-treated diabetic rats during the first 6 postnatal h. The possible influence on hepatic gluconeogenesis by the postnatal changes in the energy state and the cytosolic redox state in livers of newborns of diabetic rats was also investigated.
MATERIALS AND METHODS

Animals.
Timed pregnant (overnight mating) Sprague-Dawley rats (25) weighing 200 g were fed Purina Laboratory chow and water ad libitum. Diabetes mellitus was induced by injecting streptozotocin (45 mg/kg body weight) in 50 mM sodium citrate buffer, pH 4.5, into the tail vein of pregnant rats on day 5 of gestation (1 I), and the severity of diabetei(blood glucose concentrations of 15 mM or higher from day 7 to 22 of gestation) was monitored as described in the preceding paper (9). Insulin-treated diabetic (mildly hyperglycemic) pregnant rats were obtained from the group of severely diabetic mothers; their hyperglycemia was controlled with two daily subcutaneous injections of insulin (NPH, U-100) 1-2 units at 0900 h and 2-4 units at 1700 h from day 18 of pregnancy until delivery (9). The insulin dose injected was determined by measuring the tail vein blood glucose concentration (6) immediately before the injection of insulin. The regimen of insulin administration reduced the blood glucose concentration from severely hyperglycemic (270 mg of glucose/dl or higher) to mildly hyperglycemic (80-200 mg of glucose/dl) levels. The details of this treatment are reported in the preceding paper (9). Term fetuses (22-day-old) were delivered by cesarian section after cervical dislocation of the mother. Newborns were quickly detached from the placentas after tying the umbilical cords and maintained at 37°C in a humidicrib without feeding as described in the preceding paper (9). No sign of hypoxia was observed in these neonates during the experimental period.
In vivo studies. Twenty p1 of 0.9% NaCl containing 1.3 pCi of L-[U-14C]-lactate were injected intraperitoneally into the neonates at 3 or 6 h after delivery, and the pups were decapitated and 100 microliters of blood collected at the specific time intervais. Aliquots of neutralized samples were chromatographed on Dowex I-X8 chloride column to separate glucose and lactate (I). The radioactivity (1) as well as the concentrations of glucose (6) and lactate (12) were measured in these fractions. T o measure the incorporation of radioactivity into glycogen, livers were digested in 30% KOH, and glycogen was isolated and washed four times. The concentration of glycogen was determined by the method of Van Handel (20) .
The activity of phosphoenolpyruvate (P-enolpyruvate) carboxykinase was measured in liver cytosol (5). One unit of activity represents 1 pmole of H14CO:I fixed/min at 37°C.
Freeze-clamped studies. The livers of the first two fetuses, which were still attached to the mother, were frozen immediately using Wollenberger clamps precooled in liquid Nz (24) . These samples obtained within 30 sec after cervical dislocation of the mother were considered the zero time in all experiments. At various time intervals after delivery the livers of the neonates were freezeclamped before decapitation of the pups. Frozen livers were pulverized in a precooled mortar and extracted with 6% perchloric acid. ATP (16) , ADP (14) , AMP (14) . pyruvate (14) , and lactate (12) were measured in the neutralized extracts using standard enzymatic procedures. Using the metabolite levels, the adenylate energy charge (4) and the cytosolic redox state (NAD'/NADH) (23) of the livers were calculated. cAMP was measured in the perchloric acid-ethanol extract of the freeze-clamped liver using a cAMP binding protein (7). Statistical analysis was performed using the Student's i test for non-paired samples, and a comparison was made with the control group. P values of 0.05 or less were taken as significant. and the results are expressed as the mean f S.E. In both in vivo and freeze-clamped studies, two pups from the same litter were allotted to each experimental period; occasionally. when only one pup from the litter was assigned per a given time period, more mothers were used in these experiments to obtain the necessary number of observations per experimental period as indicated in the legends to figures.
RESULTS
Incorporation of [14C]-lactate-carbon into blood glucose and hepaiic glycogen.
During the two experimental periods (at 3 and 6 postnatal h) the concentrations of lactate in blood of three groups of neonates remained in a steady state (Fig. 1) . Similarly, the concentrations of blood glucose in the three groups of neonates also remained in a steady state over a period of at least 30 min after the administration of labeled lactate (results not shown). The changes in the specific radioactivities of lactate and glucose in the blood from 3-h and 6-h-old neonates of normal, untreated and insulin-treated diabetic rats are depicted in Figure I . The specific radioactivity of lactate (at t = 0) calculated from the plot of log specific radioactivity versus time was similar (35000-38000 dpm/ pmole) in the three groups of neonates. Earlier it was demonstrated that the decay curve of the specific radioactivity of plasma lactate in newborn rats after injection of the labeled substrate followed a binary pattern with a fast and a slow component (21) . To avoid previously observed high values for the lactate body pool size and lactate space higher than 100 m1/100 g body weight (21) and because the experimental data fitted into the slow component of the decay curve, we have expressed our results as d.p.m. incorporated into pmole of blood glucose/min/100 g body weight (Fig.  2) . Three h after birth the incorporation of [14C]carbon from lactate into glucose in the neonates of normal and insulin-treated diabetic rats was similar but approximately 2-fold higher than that observed in the age-matched neonates of untreated diabetic rats The rate of incorporation of [U-"Cllactate-carbon into blood glucose in 3-and 6-h-old newborns of normal. untreated and insulintreated diabetic rats. These rates are calculated from the data shown in Figure I . The results are expressed as d.p.m./pmole of blood glucose/min/ 100 g body weight, and are the means ? S.E. for six to twelve neonates from three to six rats.
-0- (Fig. 2) . Six h after birth the rate of gluconeogenesis from labeled lactate in the neonates of normal rats was increased 2-fold compared with the 3-h period. A 3-fold increase in the rate of gluconeogenesis was observed in the neonates of untreated diabetic rats between 3 and 6 h after birth (Fig. 2) , and the rate of gluconeogenesis in this group of pups at the sixth h was not significantly different from that observed in age-matched normal pups. In contrast. the neonates of insulin-treated diabetic rats. which had similar rates of gluconeogenesis compared to the normal pups at the third postnatal h. had only about one-half of the rate observed in age-matched 6-h-old normal pups. When the data were calculated as d.p.m. in glucose x 10-:'/ml of blood/ min/100 g body weight (at 3 h: 52.4 + 7.8, 38.5 + 7.7 and 11.4 + 2.0 and at 6 h: 108.0 + 18.0, 42.9 f 9.9 and 103.5 + 24.5 for neonates of normal, untreated and insulin-treated diabetic mothers. respectively). the findings were essentially similar to that described in Figure 2 . Similarly, when the data were calculated as pmole of lactate incorporated into glucose/min/pup, the differences in the rate of gluconeogenesis among the three groups of neonates were also similar to those depicted in Figure 2 . The incorporation of [''Clcarbon into glycogen was negligible and no differences were observed between the three groups of neonates studied at both time periods (results not shown).
Induction of P-enolpyruvate carboxykinase. Figure 3 depicts the induction of the cytosolic P-enolpyruvate carboxykinase activity in livers of the newborns of normal, insulin-treated and untreated diabetic rats during the first 6.5 h after birth. The developmental pattern of this enzyme in livers of normal neonates was similar to that reported previously (5. 13). The activity of P-enolpyruvate carboxykinase in livers of neonates of untreated diabetic rats at 0.5 and 3.5 h was significantly lower compared to age-matched neonates of normal mothers; however, there was no significant difference in the levels of activity between these two groups of neonates at 6.5 h of age ( Fig. 3 ; also see insert). The levels of activity in livers of 3.5-and 6.5-h-old neonates of insulin-treated diabetic animals were significantly lower ( P < 0.001) than those observed in the age-matched pups of normal rats. Because the postnatal induction of the cytosolic P-enolpyruvate carboxykinase is modulated by hepatic cAMP concentrations (13, 22) , we measured the concentrations of cAMP in three groups of neonates. As reported in the preceding paper (9) . the concentrations of hepatic cAMP in the newborns of normal rats increased approximately 1.5-fold during the first 2 postnatal h. In contrast, there was no significant increase in the concentrations of hepatic cAMP in the newborns of untreated and insulin-treated diabetic rats during the first 2 postnatal h; however, during the third postnatal h a significant increase in hepatic cAMP concentration was observed in the neonates of both insulin-treated ( P < 0.01) and untreated ( P < 0.001) diabetic rats compared to their respective zero h values (9). At 3 and 6 postnatal h, there was no significant difference in the concentrations of hepatic cAMP among three groups of neonates. Changes in rhe concentrarions of adenine nucleotides, pyruvate and lactate in the liver. At the time of delivery, hepatic concentrations of ATP, ADP and AMP in the newborns of normal and untreated diabetic rats were not significantly different, whereas the concentrations of hepatic ATP and ADP were significantly higher ( P < 0.001) and AMP concentrations significantly lower ( P < 0.01) in the newborns of insulin-treated diabetic rats compared to normal animals (Fig. 4) . This resulted in a higher concentration of total adenine nucleotides in the livers of insulintreated diabetic rats compared to normal animals (Fig. 4) . The concentrations of ATP in livers of the newborns of normal and untreated diabetic rats increased markedly during the first 2 postnatal h whereas no significant change was observed in ATP concentrations in the newborns of insulin-treated diabetic rats during this period. A second postnatal increase of a similar magnitude in the concentrations of ATP in livers of newborns of both normal and untreated diabetic rats was observed from 3-6 postnatal h. In contrast, a significant decrease in the concentrations of hepatic ATP was observed in the neonates of insulin-treated diabetic rats at the sixth and ninth postnatal h compared to its third h value and to the concentrations in age-matched newborns of normal animals (Fig. 4) . The decrease in the concentrations of hepatic ATP in the neonates of insulin-treated diabetic rats was accompanied by an increase in the concentrations of ADP with no significant changes in the total adenine nucleotide concentrations in this group of neonates. In contrast, a significant increase ( P < 0.005) in the total adenine nucleotide concentrations was observed in the neonates of normal and untreated diabetic rats during the same experimental period.
HOURS AFTER BIRTH
The adenylate energy charge (ATP + ?4 ADP)/(ATP + ADP + AMP) (4) in livers of the newborns of normal and untreated diabetic rats were approximately 0.74 at birth and steadily increased to 0.9 in both groups of pups by the sixth postnatal h (Fig.  5) . In contrast, the adenylate energy charge in the newborns of insulin-treated diabetic rats was 0.84 and remained unchanged until the third postnatal h at which time no significant difference was observed among the three groups of neonates. During the next 6 h, a significant reduction in the adenylate energy charge was observed in the neonates of insulin-treated diabetic rats, and these values were markedly lower than comparable values in the neonates of normal rats (Fig. 5) . When these results are expressed as the ATP/ADP ratio during the first 6 postnatal h, a steady increase in the ATP/ADP ratio (from 2.05 at birth to 5.1 at 6 h) was observed in the neonates of normal rats (Fig. 5) . After a delay of 2 h, the ATP/ADP ratio increased markedly (from 2.35 at 2 h to 5.9 at 6 h) in the neonates of untreated diabetic rats. A significant reduction in the ATP/ADP ratios was, however, observed in the pups of both normal and untreated diabetic rats at the ninth postnatal h. The ATP/ADP ratio in livers of neonates of insulin-treated diabetic rats varied only slightly during the first 3 postnatal h, however, it declined steadily over the next 6 h (from 3.0 at three h to 1.95 at nine h) (Fig. 5) . The ATP/ADP ratios in the pups of insulin-treated diabetic rats at both 6 and 9 postnatal h were markedly lower than the corresponding ratios in the pups of normal rats.
Within 1 h after birth a significant increase in the hepatic pyruvate concentration was observed in all three groups of newborns (Fig. 6) . After the first postnatal h, the concentrations of pyruvate in livers of the three groups of neonates declined significantly, but hepatic pyruvate concentrations in pups of untreated diabetic rats remained significantly higher than those in agematched neonates of normal and insulin-treated diabetic rats (Fig.  6) . At birth the concentrations of lactate in livers of newborns of untreated diabetic rats were significantly (P < 0.05) higher than those in the newborns of normal rats. During the first h of extrauterine life, the concentration of lactate in livers of neonates of untreated diabetic rats increased 2-fold whereas no changes were observed in hepatic lactate concentrations in age-matched pups of both normal and insulin-treated diabetic rats, and these differences were maintained during the next 2 h. The calculated HOURS AFTER BIRTH cytosolic NAD'/NADH ratio (23) in livers of newborns of normal rats increased steadily reaching a maximum level at 6 h after birth (Fig. 6 ). In the neonates of untreated diabetic rats, the hepatic cytosolic NAD'/NADH ratio did not change significantly from birth to 3 h, but increased significantly during the next three h: however, the hepatic cytosolic N AD'/N ADH ratios in this group of neonates were significantly lower than those in the age-matched pups of normal rats at all time periods except at birth. The increase in the hepatic cytosolic redox state (NAD'/NADH) in the newborns of insulin-treated diabetic rats during the first 3 postnatal h was similar to that observed in the newborns of normal rats. During the next 6 h, the hepatic cytosolic NADf/NADH ratio in the neonates of insulin-treated diabetic rats declined significantly reaching the values observed in age-matched pups of untreated diabetic rats.
DISCUSSION
The results of this study show alterations in the rates of gluconeogenesis from lactate in the newborns of diabetic rats during the first 6 postnatal h. These changes will be discussed in light of alterations in (1) the postnatal emergence of hepatic cytosolic Penolpyruvate carboxykinase activity and (2) the energy state and the cytosolic redox state in the livers of neonates of diabetic rats.
Alterarions in the posrnatal induction of heparic cytosolic P-enolpyrtcvate carbox.vkinase and gltrconeogenesis in the newborns of diabetic rats. Previous studies have conclusively demonstrated that the synthesis of cytosolic P-enolpyruvate carboxykinase in livers of the term fetuses (premature induction) and newborns of normal rats (postnatal physiologic induction) is a CAMP-dependent process (13) . The emergence of P-enolpyruvate carboxykinase in livers of newborns of normal rats within the first few h after birth is caused by a chain of events leading to an increase in the hepatic CAMP concentrations. In the present study the activity of hepatic P-enolpyruvate carboxykinase was significantly lower in 3.5-h-old neonates of both untreated and insulin-treated diabetic rats compared to age-matched normal pups (Fig. 3) . This is consistent with the observed delay in the increase in concentrations of hepatic
